Induction of pneumothorax in anesthetized dogs with a volume of air equal to the functional residual capacity does not lead to any immediate change in pulmonary artery or vein pressures or the pressure gradient. Cardiac output drops and pulmonary vascular resistance is elevated. This change in pulmonary resistance is essentially unaffected by vagotomy and is likely a mechanical effect of decreasing lung volume. Vagotomy alone leads to a decrease in cardiac output and an increase in pulmonary vascular resistance, possibly also because of mechanical effects.
Induction of pneumothorax in anesthetized dogs with a volume of air equal to the functional residual capacity does not lead to any immediate change in pulmonary artery or vein pressures or the pressure gradient. Cardiac output drops and pulmonary vascular resistance is elevated. This change in pulmonary resistance is essentially unaffected by vagotomy and is likely a mechanical effect of decreasing lung volume. Vagotomy alone leads to a decrease in cardiac output and an increase in pulmonary vascular resistance, possibly also because of mechanical effects.
A CUTE RESPIRATORY and circulatory changes following induction of pneumothorax in dogs have been described. 1 ' 2 The respiratory response consists of hyperventilation and expansion of the chest wall to a more inflated resting expiratory level to accommodate two thirds of the injected air, while lung collapse accounts for the other one third. Among the circulatory changes noted were a reduced cardiac output accompanied by a constant pulmonary arterial pressure. No conclusion was reached as to whether or not the changes indicated an increase in pulmonary vascular resistance since its determination requires simultaneous measurements of pulmonary venous pressure which may vary markedly following pneumothorax. Therefore, the present study was designed to determine changes in pulmonary vascular resistance following a single pneumothorax. In order to evaluate the role of vagal influences, the effects were studied in normal and vagotomized dogs.
The observed effects of pneumothorax on the pulmonary circulation also suggest a relation between lung volume and pulmonary blood flow. Data bearing on this problem exist, 3 " 15 but most of these data were obtained using isolated lungs in open-chest preparations, conditions which might alter the re-spouse as compared with more physiological closed-chest pneumothorax studies. Pneumothorax may also provide information on the effect of decreasing lung size on pulmonary vascular resistance, a problem which has received little attention and which has not been studied in closed-chest preparations. The second objective of this study was therefore to correlate reduction in lung volume with changes in pulmonary vascular resistance in both normal and vagotomized dogs.
The work reported here indicates that pulmonary vascular resistance increases after pneumothorax induction, and that this is primarily due to the mechanical effects of changing lung volume. Data on the effects of vagotomy on the pulmonary circulation are included.
METHODS
Mongrel dogs weighing from 7 to 15 Kg. were anesthetized with intravenous sodium pentobarbital (25 mg./Kg.) and were later given additional intravenous or intraperitoneal doses to maintain light anesthesia. The dogs were tracheotomized and studied in the supine position.
Cardiac catheters were inserted under fluoroscopic control through the right external jugular vein into the pulmonary artery and through the femoral artery into the left atrium or a pulmonary vein. Pulmonary artery pressure and pulmonary vein pressure (or left atrial pressure) were measured against atmospheric pressure by means of Statham pressure transducers and a Sanborn Twin-Viso recorder. Zeros for both pressures were arbitrarily chosen at 12 cm. above the lowest point of the dog's back. These zeros, as well as the technic of measuring against atmospheric pressure, were both chosen arbitrarily for simplicity, since such an arbitrary choice does not affect the calcu- lated pulmonary vascular pressure gradient ("driving force") from which pulmonary vascular resistance is determined. Mean pulmonary artery and vein pressures were obtained by electrical integration of transducer outputs.
Cardiac output was determined by the Pick method, using mixed venous blood from the pulmonary artery and arterial blood from the femoral artery. Both samples were drawn continuously while oxygen consumption was being measured by the standard closed-circuit procedure. Whole blood oxygen content was determined on the Van Slyke-Neill manometric apparatus.
Pressures were measured immediately before or immediately after determination of cardiac output, rather than during the procedure, to avoid possible rjrefiure artefacts produced by resistance to breathng,n a closed-circuit system. P ilmonary vascular resistance (PVR) was calculated in arbitrary units by the equation: PVR = (PAP-PVP)/CO where PAP and PVP refer to pulmonary artery pressure and pulmonary vein pressure in ram. Hg respectively, and where CO refers to cardiac output in L./min. Two series of experiments were performed. The first, the normal series, consisted of two sets of measurements made before and after pneumothorax (13 dogs). The second, the vagotomy series, consisted of 3 sets of measurements made before bilateral cervical vagotomy, after vagotomy, and again after induction of pneumothorax as in the normal series (11 dogs). The pneumothorax was induced by injecting 25 ml./Kg. of air through the fourth right intercostal space near the sternum with a pneumothorax needle. The volume of gas introduced, which is approximately equal to the functional residual capacity of normal anesthetized dogs, 16 expands approximately 2 ml./Kg. on entering the pleural space due to increases in temperature and in water vapor tension. This pneumothorax causes a decrease in functional residual capacity of approximately 30 per cent of the injected volume in normal dogs and 50 per cent in vagotomized dogs. 2 Injected air passed into both left and right pleural spaces because of wellknown incompleteness of the separation between both sacs in the dog.
In the normal series, PVR was measured an average of 20 min. (range 10 to 32) before the induction of pneumothorax and 76 min. (40 to 145) after. In the vagotomy series, measurements were made 15 min. (5 to 25) before vagotomy, 37 min. (18 to 70) after vagotomy, or 11 min. (3 to 15) before pneumothorax, and 22 min. (10 to 35) after pneumothorax.
To evaluate the effect of each procedure, the statistical method of analysis of variance was used with each animal as his own control (tables 1 to 4).
KESULTS AND DISCUSSION

Pulmonary Artery
Pressure, Normals (Table 1) . Pulmonary artery pressure (PAP) remained unchanged during the first hour after pneumothorax, but rose significantly* in the 1 to 3 hour period.
Vagotomy (Table 2) . Vagotomy itself had no significant effect on PAP. Following pneumothorax, there was a small but significant mean increase in PAP, comparable to a later rise in normals.
The response of pulmonary artery pressure with intact vagi is similar to that previously described. 1 Initially, there is no change in pressure.** The late rise iu pressure (1 to 3 hr.) may result from either hypoxia 2 or an increase in the volume of pneumothorax gas due to diffusion of carbon dioxide into the space. Since parallel changes occur in pulmonary vein pressures, the latter explanation seems more likely. Following vagotomy, pneumothorax results in an early increase in pulmonary artery pressure which is comparable to the late rise in the normal series. This rise occurs sooner, possibly because lung collapse in vagotomized dogs is greater than that in normals. 2 In any case, if the mechanism of the pressure rise is the same for the normal and vagotomy groups, it is not due to a reflex with vagal afferents. It must therefore be either a mechanical result of the decrease in lung size or a reflex result of stimulation of receptors outside the distribution of the vagus, in the chest wall or the circulatory system, or in thoracic viscera supplied by sensory sympathetics.
Pulmonary Vein Pressure (or Left Atrial Pressure), Normals (Table 1 ). There was no significant change in PVP from the control value for the first hour after pneumothorax, but a significant rise during the 1 to 3 hour period paralleled the rise in PAP.
Vagotomy (Table 2) . Vagotomy itself had no significant effect on PVP. Following pneumothorax, PVP rose in every case. While the mean increase was somewhat greater than for the normal group measured at a comparable time, it was not significantly greater because of the marked variability of the results.
The parallel rise in pulmonary venous and arterial pressures with either intact or sectioned vagi is consistent with the concept that the changes may be due to mechanical factors rather than to reflexes.
Pulmonary Vascular Pressure Gradient, Normals (Table 1) . Following pneumothorax, there was a gradual increase in the mean of the pressure gradients, but this was not statistically significant. This increase in the mean was mainly due to chance selection of dogs with high control values during the late periods. Thus, while PAP rose, PVP rose parallel to it and the pressure gradient across the lungs remained unchanged.
Vagotomy. Following vagotomy alone, there was a small decrease in the pressure gradient, but this was not significant. Following pneumothorax, there was no significant increase. The response to pneumothorax is therefore similar to that of normal dogs, with parallel increases in PAP and PVP maintaining a constant gradient.
Cardiac Output, Normals ( Table 3) . As reported previously, 1 CO decreased following pneumothorax in every case.
Vagotomy (Table 4 ). Vagotomy alone resulted in a decrease in CO in every ease. Following pneumothorax, CO again significantly dropped in every case. In comparing this decrease to that of normals, it is not clear whether we should consider the total drop due to vagotomy and pneumothorax (53 per cent) or that due to pneumothorax alone (28 per cent). For reasons to be discussed below, it appears more appropriate to consider the total drop. The response is then not significantly different from the normal.
The decrease in cardiac output of normal dogs following pneumothorax may result from decreased effective diastolie filling pressure of the heart or increased vascular resistances or both. 1 The fact that the decrease also occurs in the vagotomy group suggests that the mechanism is not vagal. Actually, it is difficult to make a quantitative comparison of the response in the normal and vagotomy series, since the total effect of both vagotomy and pneumothorax together is essentially the same as that of pneumothorax alone in the normal group. A reason for the total decrease being the same in both groups is suggested by the work of Alexander 17 who showed that pressure-volume curves for systemic veins in normal and vagotomized animals are similar at higher pressures. Thus, the increased intrathoracic pressure following pneumothorax should lead to essentially the same amount of venous pooling in both groups and might be expected to decrease cardiac output the same amount. The same study suggests one possible mechanism for the decrease in cardiac output following vagotomy alone, since systemic venomotor tone, venous pressure, and diastolie cardiac filling are decreased by vagotomy.
Pulmonary Vascular Resistance, Normals ('fable 4). PVR increased markedly in every case. This increase is reflected in a decrease in CO, rather than an increase in pulmonary vascular pressure gradient.
Vagotomy (Table 4 ). Following vagotomy, alone, PVR increased in every case. Following pneumothorax, PVR again rose in each case, 71 per cent above prepneumothorax values or 132 per cent above prevagotomy values. It is not clear which one of these values should be used to compare with the response in normals, However, in either case the response of the vagotomy group was not significantly different from that of the normal group because of large random variation in PVR,
The main objective of this study was to determine the effect of pneumothorax on PVR. Richards, Riley and Hiscock 18 and Weiss 19 reviewed the early literature and concluded that indirect data suggested that pneumothorax led to an increased pulmonary resistance which they assumed to be due to active vasoconstriction. The data of this study confirm the fact that PVR increases following pneumothorax, but the effect appears to be mechanical rather than reflex.
The increase in PVR might be related to (1) vasomotor reflexes arising in the lung, (2) reflexes arising outside the lung, or (3) mechanical changes in vessel caliber.
As for the first possibility, the fact that the increase in PVR occurs in vagotomized dogs indicates that it cannot be mediated reflexly by vagal afferents from the lung. Reflexes over pathways other than the vagi were not studied.
A second possibility is that the increased PVR might be a result of reflexes arising from outside the lung. These reflexes could arise, for example, from the expanded chest wall, from distended large veins, or from chemoreceptors if changes in blood gases occurred. (Since systemic arterial hypotension does not occur following pneumothorax in spite of the decreased cardiac output, 1 this PXEUMOTHORAX AND PULMONARY CIRCULATION 97 factor cannot explain the PVR.) Reflex pulmonary vasoconstriction initiated by receptors in the chest wall or large veins has not been described. Reflexes arising from chemoreceptors could potentially cause an increase in PVR. 20 It is unlikeh-that the increase is related to a drop in arterial tension of carbon dioxide observed in normal dogs following pneumothorax, 2 since the increased PVR in the vagotomy group is not accompanied by a change in carbon dioxide tension. The possibility that hypoxia may be the stimulus to an increase in resistance is unlikely but cannot be ruled out, since a decrease in arterial oxygent content occurred in 4 of the 5 normal dogs subjected to pneumothorax (mean decrease 2.1 vol. per cent) and in all 5 vagotomized dogs (mean decrease 1.9 vol. per cent). Thus, a possible mechanism which might explain active pulmonary vascular constriction on the basis of known data is the effect of arterial hypoxemia. However, the decrease of arterial oxygen content in some individual experiments was negligible and too small to account adequately for the increase in PVR, nor was there any statistical correlation between the decrease in arterial oxygen content and the increase in resistance in individual cases. Furthermore, in a study of varying degrees of pneumothorax not yet reported, it was noted that PVR increased in spite of either no change or an increase in arterial oxygen content in 7 cases and PVR dropped in only one experiment in which oxygen content remained unchanged. While the conditions of the experiment differed somewhat from those of the present stud}', the general conclusion is strengthened that increased PVR following pneumothorax is not due to hypoxia. Finally, good evidence has recently been presented indicating that, while systemic oxygen unsaturation may lead to increased PAP, it has no consistent effect on PVR. 20 As for mechanical factors which might cause a change in pulmonary resistance, these include (1) changes in cardiac output and pulmonary vascular pressures with consequent passive changes in vessel diameter and resist-ance and (2) changes in lung volume, which have been demonstrated to affect vessel diameter and resistance directly. 12 Increased intravascular pressures, as noted in this study, have been shown by Haddy and Campbell, 21 Carlill and Duke, 22 and Borst et al. 23 to decrease pulmonary vascular resistance rather than to increase, presumably due to passive dilation of the vessels. Thus, the increased resistance noted in this study cannot be explained on the basis of intralurainal pressure changes.*
The remaining possibility for explaining the increased PVR following pneumothorax is therefore the mechanical effect of the decrease in lung volume. While considerable data have been published on the effect of increasing lung size on PVR, there have been relatively few observations on the effect of decreasing lung size, and none of these observations has been made on the intact animal. 8 
' 10> 12
Studies on the effect of PVR of distending the lungs above the normal volume indicate uniformly that PVR increases as the volume increases. 6 ' 8 -10 ' 12 ' 14 ' 15 -24 While these numerous studies are concerned with changes in resistance at lung volumes above the normal resting level, there are relatively few studies concerned with decreased lung volumes. Cloetta first suggested, without conclusive data, that a decrease in lung size might also be expected to lead to an increased pulmonary vascular resistance, 8 giving a "U-shaped" relation between lung size and over-all resistance. Burton and Patel have verified such a relation for the isolated •It should be noted that the pressures were measured against atmospheric. It is therefore possible that the effective distending pressure of the large intrathoracic vessels (intraluininal pressure minus intrathoracic pressure) actually decreased as intrapleural pressure rose following the pneumothorax. However, the principal site of resistance in the pulmonary circuit is not in the large vessels, but rather in the small vessels, where the distending pressure is the difference between intraluminal pressure and alveolar (or atmospheric) pressure. 23 In such a case, our pressure measurements would indicate an increased distending pressure at the principal sites of resistance. rabbit lung. 12 They also present theoretical arguments for expecting an increased resistance with increasing lung size over a wide range. They ascribe their observed increased resistance at small lung volumes to certain anatomical changes in the pulmonary vessels which are peculiar to that range of lung size. The data being presented in this study may bear on the problem in the range of decreased lung size, and may be the only such data available on the intact animal. Since it appears that the changes in resistance are most likely related to the mechanical effects of change in lung size, one should expect a relation similar to that of Burton and Patel for the isolated lung. 11 ' The similarity of our results reinforces the conclusion that the effects of pneumothorax on the pulmonary circulation are purely mechanical and not reflex.
The relation of lung size to PVR may have some bearing on the mechanism of the increase in pulmonary vascular resistance following vagotomy. While one obvious possible explanation is that vagotomy abolishes a vasodilating effect of the vagus, another is that the decrease in lung size following vagotomy 2 may account for the circulatory change in whole or part. SUMMARY Induction of a pneumothorax of 25 ml./Kg. (approximately equal to the functional residual capacity) in normal dogs had no effect on pulmonary artery and veiii pressures during the first hour, but parallel increases occurred later. The pulmonary vascular pressure gradient remained unchanged throughout. A drop in cardiac output and an increase in pulmonary vascular resistance occurred in every case.
A similar pneumothorax administered to vagotomized dogs had essentially the same effects, qualitatively and quantitatively.
A likely explanation for the hemodynamic changes is the mechanical effect of a decrease in lung volume rather than reflex effects on pulmonary vascular resistance.
Vagotomy alone leads to a decrease in cardiac output with unchanged pulmonary vascular pressures, and an increase in pulmonary vascular resistance. This effect on resistance is likely to be a mechanical one, but a nervous mechanism cannot be ruled out.
The opinion is expressed that the decrease in lung volume following pneumothorax leads to an increase in pulmonary vascular resistance. Data in the literature also suggest that either increased or decreased lung volume mav also have the same effect. Therefore there may be an optimal lung size at which pulmonary vascular resistance is at a minimum.
SUMMARIO IN INTERLESTGUA
Le induction de un pneumothorace de 25 ml/kg (approximativemente equal al residue capacitate functional) in canes normal habeva nulle effecto super le pressiones de arteria e vena pulmonar durante le prime hora, sed augmentos parallel occurreva plus tarde. Le gradiente del pression pulmono-vascular remaneva inalterate a omne tempores. Un reduction del rendimento cardiac e un augmento del resistentia pulmono-vascular occurreva in omne casos.
Un simile pneumothorace administrate a canes vagotomisate habeva essentialmente le mesme effectos, tanto qualitative-como etiam quantitativemente.
Un explication plausibile del alterationes hemodynamic es a vider in le effecto mechanic de un reduction del volumine pulmonar plus tosto que in effectos reflexe super le resistentia p ul m on o -vascular.
Vagotomia sol produce un reduction del rendimento cardiac sin alteration in le pressiones pulmono-vascular e un augmento del resistentia pulmono-vascular. Iste effecto super le resistentia es probabilemente un effecto mechanic, sed le participation de un meehanismo nervose non pote esser considerate como impossibile.
Es exprimite le opinion que le reduction del volumine pulmonar post pneumothorace resulta in un augmento del resistentia pulmono-vascular. Datos in le litteratura etiam suggere que un reduction e un augmentation del volumine pulmonar pote haber le mesme effecto. Per consequente il existe possibilemente un optimo pro le dimensiones pulmonar ubi le resistentia pulmono-vascular es le plus basse.
